Résumé -Utilisation de matériaux bon marché à base de fer comme transporteur d'oxygène dans la combustion en boucle chimique -Pour appliquer la combustion en boucle chimique à des charges solides, il est important d'utiliser des matériaux transporteurs d'oxygène bon marché. En effet, la durée de vie du transporteur d'oxygène risque d'être plus courte sur charge solide que sur charge gazeuse. Ces matériaux doivent également bien convertir le monoxyde de carbone et l'hydrogène résultant de la gasification, tout en étant suffisamment durs pour résister à la fragmentation. Plusieurs matériaux ont montré un potentiel de conversion élevé sur le gaz de synthèse ainsi qu'une résistance mécanique élevée, ce qui permet d'envisager leur utilisation lors des développements futurs de la technologie. Parmi ces matériaux, on trouve des oxydes en copeaux provenant de Sandvik et Scana, et un minerai de fer de LKAB. Tous les matériaux testés ont permis d'atteindre des conversions plus élevées sur gaz de synthèse que le matériau de référence (ilménite) utilisé au cours de l'étude. D'une manière générale, les transporteurs d'oxygène les moins résistants, sans doute les plus poreux, sont les plus réactifs avec le gaz de synthèse. Le taux de conversion du CO obtenu avec ces matériaux est toujours plus élevé qu'avec l'ilménite. Le taux de conversion de l'hydrogène est plus élevé lorsque la durée de réduction augmente. Le matériau Sandvik 2 a permis d'atteindre les taux de conversion les plus importants sur gaz de synthèse et a donc été sélectionné pour des tests sur charge solide. Le taux de conversion sur charge solide avec ce matériau est plus élevé qu'avec l'ilménite. Oil & Gas Science and Technology -Rev. IFP Energies nouvelles, Vol. 66 (2011)
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INTRODUCTION
The atmospheric CO 2 concentration has increased by approximately 35% as compared with the pre-industrial level [1] and concern is growing about the effect of this on global climate. The drastic increase in CO 2 concentration is primarily due to the intensified use of fossil fuels and the power generation sector is accountable for the largest share of global CO 2 amounts released by human activities [2] . The apparent ways of addressing this issue are a transition from fossil fuels to renewable energy sources and making the use and conversion of energy more efficient. However, our large dependence on fossil fuels in combination with an increased global energy demand may make such a transition difficult to achieve in the foreseeable future. As a mid-term solution, carbon capture and storage of CO 2 from combustion of fossil fuels may contribute to stabilizing the atmospheric CO 2 concentration [3] . The basic idea of carbon capture and storage is to separate the CO 2 produced from combustion of fossil fuels from the other flue gases and prevent it from reaching the atmosphere [4] . This can be achieved by storing the CO 2 in geological formations, such as depleted oil and gas reservoirs or deep saline aquifers [5, 6] . Most processes for capturing CO 2 from combustion in a power-production unit can be divided into three categories. These are post-combustion, pre-combustion and oxyfuel combustion [4] . Each of these include gas separation which adds significantly to costs and reduces energy efficiency. Another option, where active gas separation is not needed, is chemical looping combustion.
CHEMICAL LOOPING COMBUSTION
Chemical looping combustion is a novel technology intended for heat and power production with inherent CO 2 separation. The basic concept of this technology was presented in a patent by Lewis and Gilliland in 1954 [7] . The technology was suggested as a method for capturing CO 2 in power plants in order to reduce climate impact by Ishida and Jin in 1994 [8] . The total worldwide operational experience exceeds 4 000 h in 12 different chemical looping combustion units [9] . In 2000, the first experiments with solid fuels were presented by Lyon and Cole [10] and the first continuously operated reactor system designed for converting solid fuels was demonstrated by Berguerand and Lyngfelt in 2008 [11] .
The CO 2 separation in chemical looping combustion is accomplished in an arrangement containing two interconnected reactors, a fuel reactor and an air reactor, as presented in Figure 1 . Here, the combustion air fed into the air reactor is never mixed with the fuel fed into the fuel reactor. Instead, oxygen is transferred from the air reactor to the fuel reactor by circulating solid oxygen carriers. The most frequently used oxygen carriers are metal oxide particles, which are oxidized in the air reactor according to reaction (1) Figure 1 Schematic view of chemical looping combustion.
in the fuel reactor according to reaction (2) . From the fuel reactor, CO 2 and H 2 O are obtained in a separate stream and almost pure CO 2 can be obtained after steam condensation:
The heat balance in the air and the fuel reactors is highly dependent on the selection and circulation of oxygen carriers and on the fuel used [12] . However, the total amount of heat evolved in the two reactors is identical to the heat from conventional combustion, where the fuel is oxidized by air; hence no extra energy is needed for the gas separation.
Although several design options for chemical looping combustion systems have been proposed, an arrangement based on two interconnected fluidized beds has some attractive features not attained by its alternatives. With fluidized beds, good contact between gas and solids is obtained and a significant flow of solid material, and thus oxygen, can be transferred between the two reactors [13] . Furthermore, this design adapts technology and components proven from other industrial applications such as circulating fluidized-bed boilers.
The main focus of research into chemical looping combustion has been on oxygen-carrier development, system analysis and reactor design for applications with gaseous fuels such as natural gas or methane. However, solid fuels are generally more abundant, less expensive, account for a larger share of global power generation and release more CO 2 per unit of energy produced than gaseous fuels [14] . Therefore, the advantage of chemical looping combustion would be significantly increased if the technology could be adapted to convert solid fuels effectively.
When solid fuels are utilized, volatile gases are released from the fuel and converted according to reaction (2) . The volatiles are released rapidly at high temperatures and, ideally, the solid fuel is fed in a way that allows good contact between volatiles and oxygen carriers to obtain a satisfactory conversion of these gases. Also, the remaining char needs to be gasified as the solid-solid reaction between char and oxygen carrier is not expected to progress at any significant rate. By fluidizing the fuel reactor with H 2 O and/or CO 2 , the char (C) will be gasified mainly to H 2 and CO according to reactions (3) and/or (4) [15] . The char gasification rate with H 2 O is considerably higher than the rate with CO 2 [16] . Hence, char gasification according to reaction (3) is preferred:
The gasification product, syngas containing mainly CO and H 2 -if H 2 O is used for gasification -reacts with the oxygen carrier particles according to reactions (5) and (6):
These reactions are generally very rapid and char gasification is therefore the rate-determining step when converting solid fuels in chemical looping combustion [17] [18] [19] . However, the gasification rate is considerably higher in chemical looping combustion when compared with traditional char gasification [19] . The reason for this is the removal of CO and H 2 by reactions (5) and (6) . The presence of H 2 during the gasification of solid fuels is well known to inhibit the reaction rate [20, 21] . This inhibiting effect of H 2 has also been shown to strongly affect the conversion of char in the presence of oxygen-carrier particles in a laboratoryscale, fluidized-bed reactor [22] .
OXYGEN CARRIERS
Selection of suitable oxygen carriers is a critical step in developing chemical looping combustion [23] . When chemical looping combustion is used for solid fuels, the lifetime of the oxygen carriers is expected to be shorter than with gaseous fuels. This is because ash may deactivate the oxygen carrier and some of the oxygen carrier may be lost during ash separation. Therefore, the use of a low-cost, environmentally benign, oxygen-carrier material is beneficial. Also, since the gasification of the solid fuel produces mainly CO and H 2 [24] , it may not be useful to employ oxygen carriers which are highly reactive towards CH 4 , the major component in natural gas. Oxygen carriers that have a high reactivity towards CH 4 , such as Ni-based oxygen carriers, are generally expensive and are likely to be better suited to gaseous fuel applications.
Of the metal oxides suggested and investigated as oxygen carriers for chemical looping combustion, Fe-based oxygen carriers have the advantage of being comparatively cheap, environmentally friendly and accessible in large quantities [25, 26] . Most studies on Fe-based oxygen carriers have focused on particles manufactured from pure chemicals and stabilized by supporting materials. Shen et al. have used an iron-based oxygen carrier to convert biomass in a 10 kW th combustor [27] . However, to further decrease the oxygencarrier cost when utilizing solid fuels, an option is to use natural minerals, such as iron ores, or by-products from other processes, such as oxide scales from the steel industry [28] . Leion et al. have concluded that such materials are good candidates for converting solid fuels in chemical looping combustion [21] and Xiao et al. have reported promising results using an iron ore to convert solid fuels in a fixed-bed reactor under pressurized conditions [26] . Moldenhauer has investigated the mineral ilmenite and an iron-based oxide scale, in a 300 W circulating chemical looping combustion unit fuelled by syngas, to improve the understanding of the lifetime behaviour and other basic characteristics of these oxygen carriers [29] .
Ilmenite, FeTiO 3 , has been suggested as a capable oxygen carrier for combustion of solid fuels and investigated extensively. It has been used in a 10 kW th chemical looping combustor [11] with solid fuels and its properties have been studied experimentally in the laboratory. Here, its reactivity towards CH 4 and syngas, containing CO and H 2 , as well as its fluidization behaviour were investigated [30, 31] . Ilmenite has also been tested in a 120 kW chemical looping combustor fuelled by H 2 [32] and structural changes of the material after successive reduction and oxidation periods have been determined [33] . Ilmenite is used as a reference in this work because it is well documented and has displayed reliable properties in chemical looping combustion with solid fuels.
EXPERIMENTAL PROCEDURE
The procedure included measuring important parameters for oxygen carriers in chemical looping combustion. Such parameters include the ability to convert fuel and to be reoxidized; chemical composition, including changes during reactions; morphological texture; and strength of the particles. A number of industrial iron-based materials and an iron ore were studied and compared with the ilmenite. Before the reactivity experiments, each oxygen carrier material was heated in air at 950°C for about 24 h to obtain a high degree of oxidation and then sieved into narrow size fractions.
Laboratory Set-up

Gaseous Fuel Experiments
The reactivity experiments were conducted in a fluidized-bed reactor of quartz placed in an electrically heated furnace. The length of the reactor was 870 mm and the inner diameter in the reaction zone was 22 mm. The reactor had a porous quartz plate placed 370 mm from the bottom. The bed material, 3 g of oxygen carrier particles, sized 125-180 μm, mixed in 12 g of inert quartz of the same size, was placed on the porous plate and heated to the desired experimental temperature of 950°C in an inert atmosphere of N 2 . The temperature was measured 5 mm under and 25 mm above the porous plate with Pentronic CrAl/NiAl thermocouples. A bed containing 20 wt% active oxygen carrier was used to obtain an incomplete fuel conversion and thus enable comparison between the different oxygen carriers.
The bed was fluidized by alternating reducing and oxidizing gases, thus simulating the cyclic conditions of a chemical looping combustion system. The oxygen carriers were reduced by syngas with a 1:1 volume-ratio of CO and H 2 and oxidized by 5 vol% of O 2 in N 2 . Syngas was used for the reduction since it is the main gasification product when a solid fuel is gasified by steam, as shown in reaction (3). The low O 2 concentration was used to avoid a major temperature increase caused by the highly exothermic oxidation reaction. After each reaction period, inert N 2 was fed into the reactor for 180 s to avoid mixing of reducing and oxidizing gases. All flows were 900 mL N /min when normalized to 1 bar and 0°C. The amount of active oxygen carrier material corresponds to 17 kg/MW fuel . The pressure drop over the reactor was measured by Honeywell pressure transducers at a frequency of 20 Hz. From the pressure fluctuations obtained, it was possible to verify fluidization of the bed during the experiment. After passing through the reactor, the gas was led to an electric cooler where the water produced during the reduction period was condensed and removed. Thereafter, the gas was transported to a Rosemount NGA-2000 gas analyser, which measured the flow and the concentrations of H 2 , CO, CO 2 , CH 4 and O 2 . Figure 2 shows a schematic diagram of the reactivity experiments. Experimental set-up of gaseous fuel experiments.
Solid-Fuel Experiments
The set-up for the solid fuel experiments was somewhat different from that of the gaseous fuel experiments. The shape of the reactor, the amount of oxygen carrier, the feed of fuel, the experimental temperature and the gas flows used during the experiments were altered.
Instead of a straight quartz reactor, the solid fuel experiments were conducted in a reactor with a conical shape just above the porous quartz plate, as presented in Figure 3 . The conically shaped bed was used to improve the mixing of oxygen carrier and fuel particles. The wider diameter in the upper part of the reactor was constructed to avoid entrainment of fine particles. As this wider section is placed above the furnace, the temperature is also lower than in the lower part of the reactor. Hence, the gas velocity is significantly lower in the wider section.
The solid fuel, 0.2 g of particles in the size range of 125-180 μm for each reduction period, was injected in the upper part of the reactor together with a 250 mL N /min flow of N 2 . This inert flow was used partly to sweep the fuel particles down into the reactor and partly to serve as carrier gas after the steam had been removed in the electric cooler. The oxygen carrier and fuel particles were fluidized by 92 vol% steam mixed with N 2 during the reduction period and with 5 vol% O 2 diluted in N 2 during oxidation. Thus, a high concentration of steam was used to gasify the fuel according to reaction (3) . As in the gaseous fuel experiments, inert N 2 was fed for 180 s between each reacting period to avoid mixing of the reacting gases. All flows entering in the bottom of the reactor were 600 mL N /min. For solid fuel experiments, 40 g of oxygen carrier were used and the experiments were conducted at a temperature of 970°C.
Three solid fuels were investigated, a bituminous coal from El Cerrejon coal mine in Colombia, a Mexican petroleum coke and a Swedish wood char. The analyses of these fuels are presented in Table 1 .
Oxygen-Carrier Characterization
In a full-scale, chemical looping combustion system, the oxygen carriers will be exposed to harsh conditions such as high temperatures and high gas velocities. As this may cause fragmentation and attrition of the particles, the oxygen-carrier particles require a certain strength. Therefore, the force needed to fracture the particles, the crushing strength, was measured for each oxygen carrier and is presented as an average of 30 crushed particles, sized 180-250 μm.
The chemical compositions of the oxygen carriers were measured by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) prior to the reactivity investigation. The phase-chemical compositions and particle morphologies of all fresh, heat-treated and tested materials were analysed using X-Ray Diffractometry (XRD) and Scanning Electron Microscopy (SEM) equipped with an Energy Dispersive X-ray system (EDX).
Data Evaluation
In order to quantify the amount of converted CO, a gas yield, γ CO , is defined as: Here, p CO 2 ,out and p CO,out are the partial pressures of CO 2 and CO in the outgoing gas stream after steam condensation.
In a similar way, the conversion of H 2 , γ H 2 , is defined as:
Here, y H 2 O,out and y H 2 ,out are the partial pressures of H 2 O and H 2 in the outgoing gas stream before steam condensation. The H 2 O is condensed in the electric cooler before reaching the analyser, and therefore not measured. However, as the partial pressure of H 2 is equal to that of CO in incoming gas, it follows that the partial pressure of H 2 plus H 2 O is equal to CO plus CO 2 . Hence, Equation (8) can be rewritten as: (9) where p H 2 ,out , p CO 2 ,out and p CO,out are the partial pressures of H 2 , CO 2 and CO in the outgoing gas stream after steam is removed.
The oxygen ratio shows the maximum mass flow of oxygen that can be transferred between the air and the fuel reactor for a given mass flow of circulating oxygen-carrier particles, and is defined as: (10) where m ox is the mass of oxygen carrier when fully oxidized and m red is the mass of the fully reduced state.
The mass-based oxygen-carrier conversion is defined as: (11) Here, m denotes the mass of the oxygen carrier and m ox is the mass of the oxygen carrier in its most oxidized state. The mass-based conversion can be calculated as a function of time for the reducing period through (12) where M O is the molar mass of oxygen, n ⋅ out is the molar flux of the outgoing dry gas, t 0 and t 1 are the times at the start and the end of the reduction period and P tot is the total pressure.
To quantify the total conversion of CO, the yield of CO during an entire reduction period is defined as: The degree of carbon conversion for solid fuels is defined as: (14) where m t is the mass of carbon converted until time t and m tot is the total mass of carbon converted during the reduction period. The average rate of conversion for solid fuels is defined as: (15) where t is the time elapsed since the start of the reduction period.
To quantify the fraction of unconverted CO and H 2 leaving the reactor during solid fuel experiments, two indices are defined as: (16) and: (17) where t X C is the time needed to reach a certain degree of carbon conversion, X C . The boundary values of the degree of carbon conversion -i.e., X C = 0.3 and X C = 0.7 -are chosen as the rate of conversion is high and reasonably stable in this region. High conversion means higher concentrations and thus more reliable results.
RESULTS AND DISCUSSION
Oxygen-Carrier Characterization
Ten different low-cost, iron-based, oxygen-carrier materials were obtained from different suppliers. Seven of these were oxide scales, a by-product from the steel industry, four from Scana, two from Sandvik and one from ESAB. The other three were an industrial iron material from Höganäs, an unprocessed iron ore from LKAB and a product of vehicle recycling from Stena Metall.
The crushing strengths of these materials and the reference ilmenite, after the heat treatment, are listed in Table 2 . The oxide scale from ESAB had a flake-like shape and therefore no crushing strength value could be obtained. All oxygen carriers tested are relatively hard and none of them can be excluded because of low mechanical strength. However, it should be noted that in a full-scale chemical looping combustion unit, the oxygen carriers are exposed to conditions that affect the attrition rate, e.g., high gas velocities in inlet nozzles and at cyclone walls. To determine the attrition, tests have to be conducted at appropriate temperatures and gas velocities where chemical reactions take place. From XRD, Fe 2 O 3 (hematite) was detected in all these materials after heat treatment. Some also contained Fe 3 O 4 (magnetite) and in the Höganäs sample, both FeO (wüstite) and Fe were found. When fresh and heat-treated samples were compared, it was clearly seen that all oxygen carriers were oxidized during heat treatment although the oxidation was not complete for all of them. The phases identified in the ilmenite sample, after heat treatment, were Fe 2 TiO 5 (pseudobrookite), TiO 2 (rutile) and Fe 2 O 3 (hematite).
Some interesting trends were observed when the surface texture of the oxygen carriers was studied with SEM. The oxide scales from Scana had a relatively smooth surface whereas other materials had an uneven, nodular surface texture after heat treatment, but prior to the reactivity experiments. Furthermore, the harder materials from Scana had a somewhat more compact texture while the softer materials showed a more porous surface texture. The same pattern was seen for the two oxide scales from Sandvik. From a comparison of the oxygen carriers after heat treatment with oxygen carriers after the reactivity experiments, it was found that some materials -e.g., the oxide scales from Scana -acquired a significantly more nodular surface texture after the experiments. Other materials, such as the iron ore from LKAB and the oxide scale from Sandvik, displayed similar textures before and after the experiments. The surface appearances of Scana 8, LKAB and Sandvik 2 before and after the reactivity experiments are compared in Figure 4 .
The oxygen carriers contain varying levels of non-ferrous elements, as listed in Table 3 . As each analysis is performed on an oxidized sample, after heat treatment, and the fraction of oxygen is not determined, the total amount is well below 100%. The oxide scales from Scana and ESAB, the ore from LKAB and the industrial material from Höganäs contain very small amounts of non-ferrous elements while the oxide scales from Sandvik contain significant amounts of Cr and Ni and the material from Stena Metall contains a wide variety of Figure 5 shows the outlet gas concentration for one reduction and one oxidation period with Sandvik 2 as oxygen carrier and syngas as fuel. During oxygen-carrier reduction, the main part of the incoming CO and H 2 is converted to CO 2 and H 2 O. However, as a result of the low oxygen carrier bed mass, there is always unreacted CO and H 2 passing through the bed. As seen in Figure 5a , the retention time between the introduction of reacting gases and detection of product gases in the analyser is about 15 s. The slope in the increase in CO 2 is mainly caused by back-mixing in the gas path from the bed to the analyser, e.g., in the electric cooler. During oxygencarrier oxidation, complete conversion of the incoming oxygen occurs during the first 100 s for Sandvik 2, see Figure 5b . Hence, the oxidation is fast and limited by the supply of oxygen. The main focus will therefore be on the reduction of these oxygen carriers. The concentration profiles presented were typical for all oxygen carriers investigated, although the conversion of syngas varied with the material used. All oxygen carriers displayed complete conversion of the incoming O 2 early in the oxidation periods.
Reduction and Oxidation Behaviour
Effect of Cycle Number
In a first set of reactivity experiments, all oxygen carriers were tested for a large number of short reductions followed by oxidations long enough to fully oxidize the samples. Short reduction periods were used to avoid the agglomerations that often occur with iron-based oxygen carriers at high extents of reduction [34] . During reduction, the mass-based conversion, ω, decreased by about 1%; i.e., oxygen corresponding to 1% of the total oxygen carrier mass was used to oxidize the fuel. Generally, the conversion of CO increased as a function of cycle number and cycles were continued until reasonably constant conversion was reached. Most oxygen carriers had good fluidization properties with the exception of the material from Höganäs where there was significant agglomeration. The reason for this might be that this material could not be fully oxidized during heat treatment and both FeO and Fe were detected by XRD in the heat treated sample. However, as the inert quartz fluidized throughout the experiment, the time when the agglomeration was formed could not be determined. All of the investigated oxygen carriers converted between 40% and 80% of the incoming CO to CO 2 , which should be compared with ilmenite which converted only about 25% after reaching relatively stable gas conversion, as shown in Figure 6 . The conversion of H 2 was considerably higher; all materials converted 90 to 96% of the incoming H 2 . The difference in H 2 conversion between the different oxygen carriers was insignificant.
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It has previously been shown that the conversion with ilmenite increases with increasing number of cycles [31, 33] . This activation is believed to be caused by a changed surface texture from a sharp-edged surface in fresh ilmenite to a nodular structure after activation [33] . This change in surface structure increases porosity and is therefore believed to improve gas-solid contact and hence reactivity. From SEM, a similar change in surface texture was seen for many of the oxygen carriers where the conversion of CO increased as number of cycles increased, e.g., Scana 8 shown in Figure 4a . Interestingly, for oxygen carriers where the conversion of CO was constant, or even decreased, with increasing number of cycles, these major structural changes were not observed, e.g., LKAB and Sandvik 2 shown in Figure 4b ,c.
Effect of Increased Reduction Time
Based on the initial reactivity tests, three materials -the oxide scales Sandvik 2 and Scana 8 and the iron ore from LKAB -were selected as the most promising oxygen carriers. It should be mentioned that all oxide scales from the same supplier displayed similar properties, although the chosen materials had somewhat better fuel conversion than the other materials from these suppliers. This can be explained by the fact that these particles were softer, as indicated by the crushing strength values in Table 2 , and more porous as seen in SEM. The ore from LKAB was chosen over the material from Stena Metall as it showed superior reactivity and higher strength. The sample from Höganäs was excluded as it agglomerated during the initial screening and the oxide scale from ESAB was not selected because of its flake-like geometry and the fact that it had a lower CO conversion than the best oxide scales from Sandvik and Scana.
In a second test series, Sandvik 2, Scana 8 and the iron ore from LKAB were compared with ilmenite in reactivity tests with increasing lengths of the reduction periods. Figure 7 shows the conversion of CO and H 2 as a function of oxygencarrier conversion for these oxygen carriers when constant conversion has been reached, after 26-36 cycles. The dashed lines represent conversion of H 2 and the solid lines the CO conversion.
The oxide scale from Sandvik has the highest conversion of CO and, together with the oxide scale from Scana, the highest conversion of H 2 . Ilmenite displays the lowest conversion for both these gases. The reason why the oxide scale from Sandvik is the most reactive may be due to higher levels of non-ferrous oxides. As shown in Table 3 , Sandvik 2 contains significant amounts of Ni and Cr and the Ni content might explain the high gas conversion, since Ni acts as an oxygen carrier. Furthermore, Sandvik 2 contains small amounts of Mn and Cu, species known to be capable oxygen carriers.
In both test series, ilmenite showed lower conversion than all other oxygen carriers. EDX indicated that the amount of Total conversion of CO, γ CO,tot , during an entire reduction as a function of cycle number for a) the oxide scales and b) the other materials and the reference sample, ilmenite.
Fe was significantly higher than the amount of Ti near the surface of ilmenite particles after the second test series. This phenomenon was seen by Adánez et al. who detected formation of an external shell of free Fe 2 O 3 (hematite) on ilmenite particles during reactivity experiments and an internal core containing Fe 2 TiO 5 (pseudobrookite) and TiO 2 (rutile), and therefore enriched in TiO 2 [33] . Figure 8 shows the outlet gas concentration, after steam condensation, as a function of time, for the reduction of Sandvik 2 with El Cerrejon coal, Mexican petroleum coke and Swedish wood char. Each fuel was tested for at least three consecutive cycles and no major differences in the outlet gas concentrations were observed as a function of cycle. Sandvik 2 was chosen for the solid-fuel experiments as it was the oxygen carrier with the highest conversion during the gaseous fuel experiments.
Solid-Fuel Experiments
The oxidation behaviour was similar to the oxidation during gaseous fuel experiments, presented in Figure 5b , with initial complete conversion of the incoming O 2 . As there was no CO 2 detected during this first part of the oxidation, all carbon appears to have been converted in the preceding reduction period. However, a small peak of CO 2 was detected as oxygen started to pass unreacted through the bed. This CO 2 is believed to be formed by oxidation of carbon stuck in the upper part of the reactor and in the fuel injection device. Figure 8 shows that initial peaks of CH 4 , CO and H 2 during reduction appeared with all fuels although the amount of CO and H 2 was small when Mexican petroleum coke was used. These initial peaks are believed to be due to the pyrolysis of the fuel and reaction of volatiles with the oxygen-carrier particles, according to reaction (2) . Back-mixing in the system causes substantial broadening of these peaks. By improving the contact between the volatiles and the oxygen carriers, for instance by injecting the fuel at the bottom of the bed, one can expect the conversion of these gases to improve greatly. The relatively long time needed for complete conversion of the fuel is a consequence of the slow gasification of the solid fuels, according to reaction (3) , and the subsequent reactions of the intermediate gasification products with the oxygen carrier, according to reactions (5) and (6) . Table 4 lists the time needed to convert 95% of each fuel, the average rate to reach this conversion, and the CO and H 2 indices. The conversion time is based on the carbon-containing gases detected in the analyser; hence the losses of fuel during injection are not included. The values obtained with ilmenite as oxygen carrier, derived from tests conducted by Leion et al. [35] under the same conditions, are included for comparison. However, as these tests were conducted without on-line H 2 measurements and with only Mexican petroleum coke and Swedish wood char as fuel, results from experiments by Azimi with El Cerrejon coal and H 2 , index for Swedish wood char have also been included [36] .
Comparing the reactivities of Sandvik 2 and ilmenite, we see that the conversions of El Cerrejon coal and Mexican petroleum coke are significantly faster with Sandvik 2 and the conversion of Swedish wood char is somewhat faster with the oxide scale. Furthermore, the amount of CO released is lower with Sandvik 2 than it is with ilmenite for all fuels. The faster fuel conversion with Sandvik 2, compared with ilmenite, is likely to be associated with the higher reactivity of Sandvik 2, giving higher conversion of H 2 to H 2 O. This, in turn, reduces the inhibitory effect of H 2 on char gasification.
The amount of H 2 released is higher with Sandvik 2 than with ilmenite when El Cerrejon coal is used as fuel. However, with Swedish wood char, the amount released with ilmenite is significantly higher than the amount released with Sandvik 2. The reason why the H 2 , index is higher with Sandvik 2 than with ilmenite with El Cerrejon coal may be attributed to the very high fraction of volatiles in this fuel. As the solid fuel conversion is faster with Sandvik 2, a large fraction of the volatiles are released in the interval where the H 2 , index is calculated, hence the H 2 , index may be misleading for this fuel. Furthermore, the experiments by Azimi were conducted with somewhat larger fuel particles [36] which may have improved the mixing of fuel and oxygen-carrier particles; hence a larger fraction of the volatiles may have been converted inside the bed in these experiments.
CONCLUSIONS
Several low-cost, iron-based oxygen carriers with properties well suited for chemical looping combustion with solid fuels have been identified. These materials displayed a comparatively high fuel conversion and particle strength. The following points summarize the main findings: -all oxygen carriers investigated produced higher conversions of H 2 than of CO; -softer and more porous oxygen carriers appear to have a higher reactivity towards syngas; -all oxygen carriers showed a higher conversion of CO than did the reference sample, ilmenite; -all oxygen carriers tested at longer reduction times showed a higher conversion of H 2 than did the ilmenite; -of all the oxygen carriers, Sandvik 2 produced the highest conversion of syngas, likely due to the content of Ni, Cu and Mn; 246 -the conversion rate of solid fuels was higher with Sandvik 2 than with the reference sample, ilmenite. The reason is likely to be the higher conversion of H 2 , which reduces the inhibitory effect of H 2 on char gasification; -in solid-fuel experiments, the amount of CO released was lower for Sandvik 2 than for ilmenite; -for a solid fuel with low volatile content, the amount of H 2 released was lower with Sandvik 2 than with ilmenite.
